Combinations of cultured and uncultured epidermal and dermal cell preparations from newborn and perinatal mice were grafted onto the backs of athymic nude mouse hosts to elucidate the cellular requirements for skin appendage formation . All epidermal populations studied, including a total epidermal keratinocyte preparation from trypsin-split skin, developing hair follicle buds isolated from epidermis, and preformed hair follicles isolated from dermis, make haired skin when grafted with fresh dermal cells. Only pre-formed hair follicles produce haired skin on grafts without an additional dermal component. Hair follicle buds grafted alone or with cultured dermal cells will reconstitute skin but without appendage formation. Thus, cells or factors present in fresh, but not cultured, dermal cells are essential for supporting hair growth from budding follicles, whereas more developed T he mature hair follicle is a complex three-dimensional structure extending from the surface of the epidermis to the deep dermis. The follicle contains at least seven epithelial cell types representing seven distinct programs of differentiation that act in concert to produce the mature hair. During embryonic development. follicle morphogenesis is induced by an interaction between epidermal cells and underlying mesenchyme. In most mammals. the hair follicle undergoes cyclic phases of growth, regression, and inactivity throughout life. Signals controlling the onset and duration of these phases have not been identified.
T he mature hair follicle is a complex three-dimensional structure extending from the surface of the epidermis to the deep dermis. The follicle contains at least seven epithelial cell types representing seven distinct programs of differentiation that act in concert to produce the mature hair. During embryonic development. follicle morphogenesis is induced by an interaction between epidermal cells and underlying mesenchyme. In most mammals. the hair follicle undergoes cyclic phases of growth, regression, and inactivity throughout life. Signals controlling the onset and duration of these phases have not been identified.
The establishment of a model system to study cell interactions in hair follicle formation is important to elucidate the requirements for hair follicle development and hair growth. It is well established that grafting of keratinocytes to a prepared graft site on the dorsal skin can reconstitute an epidermis [1] [2] [3] . Skin appendage formation in the graft site arpears to require a component present in dermal cells as well [1. 2. This laboratory has previously established Manuscript received September 3, 1992 ; accepted for publication November 18, 1992 .
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Abbreviation: EDT A: ethylenediaminetetraacetic acid (pre-formed) follicles appear to contain all the necessary components for hair formation. Dissociation of isolated hair follicles by trypsin/ethylenediaminetetraacetic acid prior to grafting is permissive for hair growth, suggesting that follicle cells ca~ be r~-induced or reassociate itl vivo. Dermal papilla cells, mlcrodlssected from rat vibrissal follicles and cultured for up to 14 passages, stimulate hair growth from follicle buds an? infl~ence the quality of hair growth from pre-formed hair folhcles. Thus, dermal papilla cells maintain inductive capacity in culture and contribute to the reconstituted skin. This reconstitution model should be useful for identifying cell populations within the hair follicle compartment necessary for hair growth and for examining the effects of specific gene products on hair follicle growth and development in vivo.] Invest DermatoI100: [229] [230] [231] [232] [233] [234] [235] [236] 1993 pr?cedu~es for the enzymatic isolation of newborn mouse pelage hair follicles and their subsequent culture in a three-dimensional matrix of type I collagen. Such hair follicles. both freshly isolated and following growth i/1 vitro, can form a haired skin when grafted wi~h fresh dermal fibroblast preparations onto the backs of nude m.lce [4] . The purpose of this study was to define further. the reqUirements of the graft model for skin appendage fo:~at1on by 1) evalu~t1ng mesenchymal cell preparations for their ability t? support hair follicl~ formation i" lIivo from epidermal preparat1o~s. an~ 2) examu:1I1g the hair-forming potential of vanous halr follicle preparatIOns alone and in combination with dermal components.
MATERIALS AND METHODS
Cell Isolations Skins from newborn mice (1-4 d old) were floated on 0.25% trypsin (Gibco. Grand Island, NY) overnight at 4°C and separatedinto d~rmal and epidermal fractions. The epidermal layers were m1l1ced; 111cubated in Eagle's minimal essential medium (Whittaker Bioproducts. Inc .
• Walkersville, MD) containing 8 0 (0 fetal b.ovine serum (Intergen. Purchase, NY) and 1.2 mM Ca++.
With stunng for 40-50 min at 37"C; and filtered through a 100-).I.m nylon filter to remove cells of the undissociated stratum corneum [5] . The entire cell preparation from the epidermis was either ~rafted (total epide~mal cell preparation) or separated further into mterfol!lcular kerat1110cytes and hair follicle buds by low-speed centnfugauon (300 rpm, 3 min) in a tabletop centrifuge. Follicle buds were separated from remaining single cells in the pellet by centrifugation from a suspension in4.S % Ficoll through a layer of9% Ficoll at 400 rpm for 5 min. dium, this step was repeated once, and the final pellet was washed at least twice with fresh medium. Pre-formed hair follicles were released from the dermis following digestion with 0.35% collagenase, as previously described [4] . Following filtration through 100-l1m gauze, the hair follicles were pelleted by low-speed centrifugation and further purified by centrifugation through Ficoll [6] . In some experiments, hair follicles were dissociated by incubation in 0.1 % trypsin/0.02% ethylenediaminetetraacetic acid (EDT A) [7] . The resulting cell suspensions were mainly single cells, with occasional clumps generally no more than five to 10 cells. Fresh pelage dermal cells were isolated by digestion of dermis with 0.35% collagenase. The digest was filtered through 100-l1m gauze and spun 3 min at low speed (400 rpm in a tabletop centrifuge) to remove most of the hair follicles. The cells in the supernatant were pelleted at 1200 rpm for 3 min in a tabletop centrifuge. Following resuspension in Eagle's minimal essential medium containing 8% fetal bovine serum, remaining hair follicles were removed by three to five low-speed centrifugations of the supernatant fraction. The epithelial components of the grafting experiments (preformed hair follicles, hair follicle buds, and total epidermal cells preparations) were derived from newborn mice of the pigmented CS7BL/6 strain, and the dermal cell preparations were isolated from albino mice (BALB/c) or rats (Fischer). Dermal papilla cells were microdissected from vibrissa I follicles of 90-d-old Fischer rats, as previously described [8] .
Culture Mouse dermal cell preparations were cultured in Eagle's minimal essential medium containing 8% fetal bovine serum. Swiss-3T3 cells were cultured in high-glucose Dulbecco's modified Eagle's medium containing 1 mM sodium pyruvate (Whittaker Bioproducts), 1% antibiotic/antimycotic solution (Gibco), and 10% newborn calf serum (JRH Biosciences, Lenexa, KS). Freshly isolated dermal papilla cells were plated as cell clumps in Chang's medium (Hana Biologics, Almeda, CA). At the time of the first passage, cells were plated and maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum plus basic fi-B Figure 2 . Lateral view of graft sites after 9 weeks; 8 X 10 6 cells from total epidennal preparation were grafted together with 6 X 10 6 dennal cells that were used either (A) fresh or (B) after culture for 1 week. broblast growth factor (10 ng/ml) (Amgen, Thousand Oaks, CA) [9] .
Grafting Epithelial cells (8 X 10 6 interfollicular epidermal cells or dissociated hair follicle cells) or the entire yield of undissociated fo~licles from o~e dermis (for pre-formed follicles) or two epidermldes (for buddmg follicles) were combined with 6 X 10 6 dermal cells and pelleted in individual IS-ml sterile tubes. Thick cell suspensions were transferred to a grafting chamber implanted onto the dorsal surface of nude mouse hosts in a l-cm-diameter skin-graft bed, as described previously [3, 4] ' except that the step involving the glass disk was eliminated. The chamber was removed after 1 week. Animals were killed, and graft sites were photographed and excised for microscopic examination and histologic evaluation at 1,2, and 4 -9 weeks following grafting.
Evaluation of Hair Growth Graft sites were excised and fixed in 70% ethanol. The presence of pigment in the graft site was taken as evidence of re-epithelialization by the donor CS7BL/6 epithelial component. Conversely, the absence of pigment indicated a technical failure in the graft procedure, resulting in loss of the donor cell population. Grafts were considered negative for hair growth if there were fewer than 10 hairs present in the graft site. Hair growth in positive grafts was generally visible without magnification of the grafted area. Tabular results are presented as total number of animals with hair/number with positive graft takes as determined by pigment~tion ~attern in graft site/total number grafted.
Hair quality was assessed by measuring the width of hair samples pluck~d fro. m ethanol-fixed graft sites. Samples were placed in culture dishes m ethanol and mounted with a coverslip. Random areas were photographed at magnification X160 through a microscope, and measurements were taken on the widest part of each hair fiber.
Alkaline Phosphatase Staining Alkaline phosphatase activity was detern:med by the metal-salt method of Gomori [10] . Briefly, fro~en sectIOns of pellets ofeell suspensions in O .C.T. compound (Miles, Elkhart, IN) were rinsed in deionized H 2 0 and incubated for 90 min at 37"C in ammediol-buffered solution (0.02 M 2-amino-2-methyl-l,3-propanediol; pH 9.6) containing 1% CaCI 2 , 0.01 0(0 M~CI2' and 0.4% sodium glycerophosphate. The precipitate was vlSl~ahzed by treatment with 2% cobalt nitrate followed by 1 % amm011lu~ sulfide. Cells were counterstained with light green and mounted m Permount (Fisher Scientific, Fair Lawn, NJ). As negative controls, duplicate sections were incubated without the substrate.
RESULTS
Following splitting of newborn mouse skin with cold trypsin, young budding hair follicles remain with the epidermis, whereas the more developed (pre-formed) hair follicles segregate with the dermis (Fig lA-C) . A complete cell suspension derived from the epidermis (Fig ID) or hair follicle buds enriched from this preparation (Fig IE) formed haired skin on grafting but only in the presence of fresh dermal cells (Table I ; Fig 2A,B) . Isolated pre-formed hair follicles (Fig IF) produced a haired skin following grafting ( Fig  3A) with or without a dermal cell component (Table I ). In addition, the supernatant fraction from the first step of follicle bud isolation ' f~:<: :.
~~~~.~t;1ij; was grafted with dermal cells. This combination was capable of producing hair in the g~aft site (20 haire~ mic~/23 total); however, in the absence of a specIfic marker for haIr folhcle buds, one cannot rule out the incomplete removal of budding follicles and their contribution to this preparation. To determine whether other cultured fibroblasts were permissive for hair development, an established fibroblast cell line (Swiss-3T3 cells) was substituted for fresh mesenchymal cells when testing the requirements for dermal.components. Hair growth did not occur in graft sites that received hair follicle buds in combination with Swiss-3T3 cells alone (Table 1 ; Fig 4H) .
When pre-formed hair follicles were grafted in combination with Swiss-3T3 cells, hair growth was seen in eight of 10 recipients, similar to hair growth in grafts receiving these hair follicles alone (Table I ; Fig 4G) . Component(s) in the fresh dermal cell preparation necessary for supporting hair growth appear to be lost in culture because primary dermal cells cultured up to four passages will not substitute for freshly isolated dermal cell preparations in supporting hair growth in the graft site from hair follicle buds or total epidermal cell preparations. Although the proportion of successful graft takes from pre-formed follicles is similar in the presence or absence of an additional dermal component (as determined by pigmentation in the graft site), grafts of buds were more contracted and less uniform between animals when no dermal component was included. The addition of Swiss-3T3 cells to budding follicles improved the graft take with no concomitant induction of hair growth (Table 1) . To determine whether Swiss-3T3 cells have a negative effect on growth and development of budding hair follicles, a mixture of Swiss-3T3 and fresh dermal cells were grafted in combination with the two hair follicle preparations. No suppression of hair growth supported by fresh dermal cells was seen when Swiss-3T3 cells were present in the graft site (Table I ). It is unlikely that contaminating pre-formed hair follicles in the fresh dermal cell preparations produced the haired skin obtained when these preparations were mixed with follicle buds because the pigment pattern of resulting hairs consistently correlated with the pigmented epithelial donor but not the dermal (albino) cell donor. To determine whether individual cells of the pre-formed hair follicles can reassociate or reconstitute a follicle in the graft site, pre-formed hair follicle preparations were A dissociated with trypsin/EDT A and grafted along with fresh dermal cells. Virtually all recipients developed haired skin (Table I ; Fig  3B) . Thus, pre-formed follicle structures are not required for hair growth.
The dynamics of re-epithelialization and hair growth was evalu- ';]II"" .
..
'. dermis (Fig 3D) , but these may represent trapped pre-formed follicles, and there is no evidence of erupting hair growth. Foci of thickened epidermis were also observed, reminiscent of budding follicles in newborn skin and possibly representing newly induced follicles (arrow, Fig 3C) . Similarly, grafts of dissociated hair follicle cells formed an epidermis with no evidence of erupting hair growth after 1 week comparable to Fig 3C, although occasional regions contained clusters of follicle or cyst-like structures in the dermis (Fig 3E) . By 2 weeks, mature follicle structures are abundant, and hair growth is obvious histologically in grafts that received either intact or dissociated pre-formed hair follicles (Fig 3P,G) . Curiously, grafts of pre-formed hair follicles examined at later time points frequently demonstrated not only surface hair but subcutaneous growth as well (not shown) . This was not observed in grafts of budding follicles and suggests that dissociation and proper orientation of pre-formed follicles are not necessary for hair growth to proceed. One possible explanation for the dependence of budding, but not pre-formed follicles, on exogenous dermal cell preparations for hair growth is the association of dermal papilla cells with the pre-formed THE JOURNAL OF INVESTIGATIVE DERMATOLOGY follicles. Alkaline phosphatase, an enzyme present in dermal papilla cells of mature follicles and endothelial cells but not dermal fibroblasts [11] , was used as a marker for dermal papilla cells. N ewborn skin ofBALB/c mice demonstrated high levels of alkaline phosphatase activity within the dermal papillae of dorsal hair follicles but not adjacent fibroblasts (Fig SA) . Staining in the upper layers of the surface epithelium was due to the light-green counterstain, with no distinct enzyme activity present. Staining of isolated follicle preparations for alkaline phosphatase activity confirmed the presence of dermal papilla cells in the pre-formed, but not budding, follicles (Fig SB,C) . Fresh dermal cell preparations also contained large numbers of alkaline phosphatase -positive cells. This population decreased with culture (not shown) and thus could be the required population for supporting hair growth from budding follicles .
Because dermal papilla cells are known to be involved in induction of hair follicle activity [12] , we tested whether isolated dermal papilla cells could contribute to the reconstituted skin in the graft site and support hair growth. Dermal papilla cells microdissected from rat vibrissal follicles and expanded in culture were grafted with each follicle preparation. Such cells were found to support hair growth in this model. Cultured papilla cells demonstrated hair-inductive capacity after short-term (three to eight passages) (Fig  4C,D) and long-term (12 to 14 passages) culture (Fig 4E,F) , although hair growth was less dense when later passages of dermal papilla cells were grafted (Table II) . Fresh rat dermal cells, like mouse dermal cells, supported hair growth in combination with both budding and pre-formed mouse hair follicles (Table II) , although the rat cells changed the character of the haired skin. The hair generated from grafts of CS7BL/6 follicles in association with rat dermal cells was longer and darker, with pigmentation to the tip of the hair (Fig 4A,B) , whereas in grafts with mouse dermal cells hairs were less pigmented with golden tips. As discussed previously, Swiss-3T3 cells did not support hair growth from budding follicles (Fig 4H) nor did they affect hair growth from pre-formed follicles alone (Fig 4G) . Although hair growth from pre-formed follicles was not entirely dependent on additional components in the graft site (Tables I and II) , the number of hairs/ graft site was lower in the absence of fresh dermal cells ( Fig. 4G; Table II) . Likewise, the quantity of hair growth from either follicle preparation supported by the isolated dermal papilla cells declined with time of the papilla cells in culture, but the positive influence on hair growth was still apparent after 14 passages (Table II ). The quality of hair supported by dermal papilla cells and fresh dermal cells was distinct. Hairs resulting from the combination of dermal papilla cells from rat vibrissal follicles grafted together with mouse pelage hair follicles were noticeably longer than those in sites onto which dermal cells from newborn rats were grafted with mouse pelage hair follicles, possibly reflecting the origin of the dermal papilla cells from larger whisker follicles [13] . In addition, measurements of hair-shaft diameter suggest that hair growth supported by isolated vibrissa I dermal papilla cells results in narrower hairs than those supported by dermal cells from pelage skin (Table III) . In contrast, the mean diameter of adult mouse pelage hair fibers was 22.4 J1.m (n = 33) compared with 41.6 J1.m for mouse vibrissae (n = 21) and 72.4 J1.m for rat vibrissae (n = 13).
The contribution of the graft recipient to hair growth was also evaluated. Nude mice have active hair cycles [14, 15] , and the strain of nude mice used in this study frequently displays patches of dorsal hair. To test whether the host hair cycle might influence the hair growth from grafted hair follicles, the pattern of host hair growth surrounding the graft site was compared in positive and negative grafts at the time of excision of the graft site. No relation between the distribution of host hair growth and hair growth in the graft sites was observed (data not shown).
DISCUSSION
We describe here a model system for exploring the cellular and, ultimately, the biochemical re9uirements for skin appendage formation. By combining fresl~y isolated or cultured epidermal and dermal components in a gpft site on the dorsal surface of nude mice, the potential contrib\!tion of each component or of genetically mod- Table II ilied derivatives can be defined. The current results indicate that newborn mouse skin hair follicles isolated at both early and late stages of development have the capacity to reconstitute a new skin and can produce hair in the proper environment. A dermal contribution is required for induction of hair follicle formation for immature hair follicles, but this capacity is self-contained in more mature follicles. Follicles isolated at the budding stage will re-epithelialize a graft site; however, they will only develop into mature follicles when grafted in combination with specific dermal components. Because persistent contact with a dermal component is required for continued development of the budding follicle structure, the early induction that had occurred in situ in the donor buds is reversible and incomplete.
The capacity for induction of follicle formation is lost from primary dermal cell preparations during culture. This could be due to loss of specialized function during it! vitro growth or to selective loss of a specific cell type from the heterogenous dermal cell preparation. Pre-formed follicles require no additional dermal components for hair growth to occur; many of these more developed follicle structures contain dermal papillae, whereas the isolated budding follicles do not, implicating the dermal papilla as the critical component. The importance of the dermal papilla cells in hair follicle formation and cycling has long been recognized [12] . Hair follicle buds are induced during embryogenesis from epidermal cells by underlying mesenchyme that becomes encased in the base of the mature follicle as the dermal papilla. Classic heterotopic recombination experiments have demonstrated that dermis from hair-bearing regions can induce follicle formation in glabrous epidermis [12, [16] [17] [18] ; the inductive influence of dermal papillae has been further demonstrated in recent work suggesting that cultured papilla cells can induce follicle formation in the non-hair-bearing rodent footpad [19] . A specific role of the dermal paf,illa in maintenance of hair growth has been demonstrated [20 -22 , and implantation of dermal papilla cells following amputation of the lower bulb has been s~own to direct organization of a new follicle bulb [19, 23, 24] . Pa-!)llla cells a:e also believed to direct re-entry of the resting follicle mto the active (anagen) growth phase [25, 26] . The requirement for a ~ermal contribution for reconstitution of phenotypically normal skm ~nd appendage formati~m in a graft site has been previously descnbed [2,16,1.1,27] . In thiS study, dermal papilla cells microdissec ted from rat vlbnssal folltcles and expanded in culture substitute for fresh dermal cells in supporting hair growth from budding foil icles'.1.'lus suggests that the los~ of hair-forming potential in grafts recelvmg cu.ltured derm~l cells IS probably due to loss of a papilla cell sub-population present m dermal cell preparations. Dermal papilla cells retain the capacity to influence the graft outcome for up to 14 pass~g. es it! ~itro;however, the number of follicles formed appears to duntl11sh With tune m culture. A similar loss of inductive function with time in culture has been reported previously where dermal papilla cells were found to lose their inductive potential after three passages ill vitro [24] ; the extended period of inductive potential descnbed here may be related to the original cell plating in Chang'S medium and altered culture conditions (the addition of basic FGF). In addit.ion to induction of follicle formation, the dermal papilla m~y also l1~fluence the type of hair produced. The phenotype of hairs growmg fr.o:n pre-formed follicles was influenced by the source of an additIOnal dermal component. This is evidenced by length and pigmentation differences in grafts of pelage dermal cells from mouse compared with rat, and the length and diameter of hair fi?ers suppo~ted by rat pelage dermal cells compared with isolated vlb:lssal folhcle papilla cells. Early heterotopic recombination expenm~nts of dorsal and upper lip components suggest that whereas the ongm of the dermal component directs follicle induction, the nature of the resulting appendage (pelage versus vibrissal) is dictated by the source of the epidermis [16 -18] . Later experiments suggest that cer~ain stages of the epidermis may in fact be susceptible to dermal mfluences for formation of regional-specific follicles [28] , and more ~ecent work in which vibrissal follicle papilla cells were Implanted 1I1to embryonic mouse skin yielded follicles intermediate in size between those from which the papilla cells originated and tho~e of the host skin [29] ' further supporting an influence of the papillae source. Recent studies of vibrissal follicle papilla cells imp.lanted mto wounded rat ears yielded hair fibers corresponding in size to the vibrissa I origin of the papillary component [19J. A further correlation has been found between the size of the dermal papillae and hair volume [13] . In the results presented here, unexpectedly, vibrissa I follicle papilla cells directed the growth of hairs that appeared to be more narrow than those supported by papilla cells from pela?e follicles. This observation remains unexplained. The hair quahty may reflect a sub-optimal wound-healing environment and suggests the need for other dermal cell populations present in fresh dermal cell preparations and not isolated papilla cell cultures (e.g. , vascular endothelial cells). Resupplying these components may modify hair quality further and increase the diameter of resulting hairs .
The normal hair follicle regularly undergoes dissociation and reformation as it progresses through cyclic periods of active hair growth and resting phases. In the graft site, the presence of preformed follicle structures is not required for hair growth because they can be dissociated before grafting and still reconstitute a haired skin . In addition, histology of graft sites 1 week following grafting suggests that pre-formed follicles dissociate on the graft bed, followed by induction and development of new hair follicles; however, the appearance of trapred follicle bulbs and subcutaneous hair growth observed in grafts 0 pre-formed follicles suggest that initial dissociation and reformation of the structure following grafting are not necessary for continued hair growth.
Grafting of cell suspensions to chambers on the dorsal surface of mice is an established model for testing the effects of cell interactions and genetically altered epithelial cells [30, 31] . We have previously shown that the introduction of a rasH. oncogene into hair follicle cells suppresses hair growth in this system [7] . In an in vitro model, we have demonstrated that specific growth factors can affect developing hair follicles in both sy nergistic and opposing manners [6] . The model described here allows for testing in vivo effects of these factors introduced as genes into either epithelial or mesenchymal cell populations.
In addition, we have demonstrated that dermal papilla cells contribute to and influence the type of hair growth on the graft site. The mechanism by which dermal papilla cells influence the hairgrowth cycle remains elusive. Cultures of microdissected dermal papilla cells have been immortalized, and experiments are underway to test the inductive potential of these clones in this assay system. Preliminary results indicate that some of these cell lines display a biologic effect in this model similar to that of low-passage dermal papilla cells.* This minimal-component graft system represents a model to identify and test factors required for promoting and maintaining the capability of dermal papilla cells to influence hair growth.
